Abstract: Two Saccostrea oysters (S. glomerata and S. cucullata) are considered to be protandric hermaphrodites based on indirect observations. However, no other information is available on the sexual systems of Saccostrea oysters and the potential for bidirectional sex change has not previously been reported in them. Therefore, the present study was undertaken to investigate the sexual systems of S. kegaki and S. mordax in western Japan, utilizing field sampling and in situ experiments. In the field sampling, shell length (SL) and sex were determined during the reproductive season of these oysters (June-October) in 2012. Then, sex change was directly observed between 2013 and 2016 by determining the sex of individuals through gonadal biopsy, re-attaching the individuals in the field, collecting the survivors in the following year, and determining their sex by dissection. In both species, the proportion of males decreased with increasing SL, although the SL of males and females greatly overlapped. Direct observations showed that both male-to-female and female-to-male sex change occurred. Thus, our results indicated that both Saccostrea species tend to be protandric, but have the ability to change sex in both directions under natural conditions.
Sex change has been observed in a variety of marine organisms, such as molluscs, annelids, crustaceans, echinoderms, and fishes (Policansky 1982) . According to the sizeadvantage hypothesis (Ghiselin 1969 , Munday et al. 2006 ), sex change is expected when the fitness of one sex as a function of body size (i.e., fitness curve) exceeds that of the other sex. For instance, if female fitness increases almost proportionally to body size, whereas male fitness tends to be initially high but then reaches a plateau, it is advantageous for an individual to change from male to female.
Bi-directional sex change (here defined as the situation in which both male-to-female and female-to-male sex change types coexist in a population) has been reported in some invertebrates and vertebrates, and it is favored when the relationship between male and female fitness curves is often reverted due to variable environmental or social conditions (Nakashima et al. 1995) . For instance, the polychaete Ophryotrocha puerilis Claparède & Mecznikow, 1869 forms breeding pairs and both members of the pair may repeatedly change sex after several spawning events (Berglund 1986) . Female individuals of this species have lower growth rates than male individuals because of higher reproductive costs and partners that do not change sex had lower overall fecundity for the pair. Similarly, the coral goby Paragobiodon echinocephalus (Rüppell, 1830) also breeds in pairs, and bidirectional sex change occurs if the newly formed partners are of the same sex (Kuwamura et al. 1994) . Here, the fitness of the pair will be null if neither of them changes sex.
Although many studies on marine invertebrates have inferred the occurrence of sex change using body size differences between male and female individuals, direct observations by following the same individuals are needed to confirm such inferences (e.g., Yasuoka & Yusa 2016) . The direct observation of sex change is especially important for detecting bi-directional sex change, because size difference between male and female individuals may be obscured if they change sex bi-directionally. Therefore, the paucity of direct observations might partly explain why bi-directional sex change has rarely been documented in molluscs (Galtsoff 1937 , Haley 1979 , Kennedy 1983 , Park et al. 2012 , Yasuoka & Yusa 2016 . Moreover, direct observations under natural conditions are important for understanding the adaptive significance of sexual systems (Yasuoka & Yusa 2016) .
Saccostrea glomerata (Gould, 1850) and S. cucullata (Born, 1778) are considered to be protandric hermaphrodites based on indirect observations, in which the proportion of males decreased with increasing size of individuals (Asif 1979 , Morton 1990 ). Although S. kegaki Torigoe & Inaba, 1981 and S. mordax (Gould, 1850) are commonly found in western Japan, only a few studies have been conducted on these species, including studies on their taxonomy (Lam & Note Morton 2006 , Sekino & Yamashita 2016 , population ecology (Ohgaki 2013) , and reproductive cycle (only in S. kegaki, Kim et al. 2010) . The potential of Saccostrea oysters to change sex in both directions is unknown. Thus, adult S. kegaki and S. mordax individuals were sampled monthly during their reproductive season (June to October) and field experiments were performed to monitor any sex change in these species.
To investigate the relationship between body size and sex, 33-56 adult individuals of each species were collected monthly, from June to October 2012, in the coastal area of Wakayama Prefecture, western Japan. Whereas S. kegaki oysters were collected from an upper-or mid-intertidal rock surface along a wave-protected shore at Samusaura, Shirahama Town (33.40°N, 135.21°E), S. mordax oysters were collected along a more exposed shore at Banshozaki, Shirahama Town (3 km north-west from Samusaura; 33.41°N, 135.20°E). The gregariousness of individuals (whether they were solitary or gregarious) was recorded at the time of collection following Yasuoka & Yusa (2016) . Individuals were defined as solitary when no conspecifics were found within 0.3 m, and as gregarious when they were in contact with others. Water temperature measured at the northern coast of Banshozaki ranged from 20.8 to 29.9°C during the reproductive season (June-October), and from 13.0 to 22.4°C during the non-reproductive season (November-May) (Seto Marine Biological Laboratory 2014).
Samples were immediately brought to the laboratory, and their maximum SL (shell length; nearest 0.1 mm) was measured from the umbo to the ventral valve edge using calipers. The sex of each individual was determined by opening the shell and inspecting ca. 40-70 µL of the gonadal fluid under a microscope. Individuals were identified as males, when only sperm were observed; females, when only oocytes were observed; simultaneous hermaphrodites, when both oocytes and sperm were observed; or indeterminate, when neither mature oocytes nor sperm were observed. In this study, the sex ratio was defined as the proportion of males relative to the total number of males and females.
To observe sex change directly, oysters were collected at the same locations between July and October 2013 and between July and September 2015. The SL of oysters was measured and their sex was determined by performing a biopsy (Yasuoka & Yusa 2016) . Briefly, oysters were anesthetized using a 7% (w/v) magnesium chloride (MgCl 2 ) solution and ca. 40-70 µL of gonadal fluid was extracted using a 2.5-mL syringe with a 22 G needle (Termo, Tokyo, Japan). The oysters collected and sexed in 2013 (N=33 for S. kegaki and N=67 for S. mordax) and 2015 (N=61 for S. kegaki and N=35 for S. mordax) were marked with paint and returned to the rock surface they had been collected from (32-115 cm above the mid-tidal level). Because gregariousness had no significant effect on individuals sex (see below), gregarious and solitary individuals were randomly collected, sexed, marked, and then attached at least 0.5 m apart from each other, using waterresistant epoxy putty (Konishi Co., Osaka, Japan). Before attaching the oysters, all visible sessile animals were removed from the intertidal rock surface. Approximately 262-340 days after attachment, all surviving individuals were re-collected and their sex was determined in the laboratory by dissection.
Saccostrea mordax individuals parasitized by the pea crab Pinnotheres boninensis Stimpson, 1858 (4.6% of the S. mordax individuals collected in 2012) were excluded from the analyses because this parasite might affect the host s sex (Awati & Rai 1931) . To analyze the factors influencing the sex of adult individuals, logistic regressions were performed, using SL, gregariousness, collecting month, and the interaction between gregariousness and collecting month as the explanatory variables, and sex (male or female) as the response variable. Statistical tests were conducted in R (ver. 3.3.1; R Development Core Team) with P=0.05 as the threshold.
The sex ratio (the proportion of males) over the reproductive season was 0.59 in S. kegaki and 0.53 in S. mordax. Simultaneous hermaphrodites were not found in field-collected samples in 2012. Individuals of S. kegaki ranged from SL 10 to 60 mm, and S. mordax from SL 10 to 100 mm. SL distribution of males and females considerably overlapped in both species (Fig. 1) . However, females were generally larger than males. The average male and female SL±SD for S. kegaki were, 36.9±8.8 mm and 39.4±8.3 mm, respectively, and that for S. mordax were 47.3±13.3 mm and 54.3±13.2 mm, respectively. Although mean sex ratios tended to be greater in gregarious (0.67 for S. kegaki, 0.60 for S. mordax) than in solitary individuals (0.57 for S. kegaki, 0.47 for S. mordax), logistic regressions showed that the only variable significantly affecting sex was SL (Table 1) .
Of the 94 S. kegaki individuals marked (45 males and 49 females), only 34 (36%) were re-collected in the following year. Of the S. mordax, only 31 (30%) of the 102 individuals marked (61 males and 41 females) were re-collected. Bidirectional sex change was observed in both species. Maleto-female sex change was more frequent than female-to-male in S. kegaki (9 : 1), whereas the tendency was unclear in S. mordax (3 : 5; Table 2 ). In addition, one male changed to hermaphrodite in S. mordax.
Overall, the results suggested a tendency for protandry in both S. kegaki and S. mordax, as the proportion of males among mature individuals decreased with increasing SL in both species. This tendency for protandry has also been found in the other Saccostrea oyster species S. glomerata and S. cucullata (Asif 1979 , Morton 1990 ). The protandry found in Saccostrea and Crassostrea oysters (Asif 1979 , Morton 1990 , Yasuoka & Yusa 2016 may be explained by the size advantage model (Ghiselin 1969 , Munday et al. 2006 . In oysters, female fitness seems to increase with egg number and body size. Male fitness, however, might be limited by the number of eggs produced by neighboring females, because oysters are sedentary and their sperm are unlikely to fertilize the eggs of distant females (Yasuoka & Yusa 2016) . Therefore, male and female fitness curves are likely to cross each other, in which situation sex change is advantageous. However, critical tests of these assumptions are still lacking in oysters.
There was a considerable overlap between male and female size, and large male individuals were observed in both S. keg-aki and S. mordax. Similar overlaps have been reported in the oysters S. glomerata, S. cucullata (Asif 1979 , Morton 1990 , Crassostrea gigas (Gmelin, 1791) (Yasuoka & Yusa 2016) , and C. virginica (Thunberg, 1793) (Harding et al. 2013 ). These studies suggested that Saccostrea and Crassostrea oysters do not change sex at a fixed size, as sex change is most likely influenced by environmental factors, such as food availability or parasite load (Amemiya 1929 , 1935 , Awati & Rai 1931 . Social status, including the presence of a neighbor, has also been suggested to influence the sex of oysters (Burkenroad 1931 , Menzel 1951 , Buroker 1983 , Yasuoka & Yusa 2016 . Thus, the lack of a neighboring individual in the in situ experiments conducted for S. kegaki and S. mordax might have diverted the sex ratio slightly towards the female. However, such a possible artefact, if any, would have had only a minor effect, because gregariousness had no significant effect on the sex of S. kegaki and S. mordax.
In the present study, bi-directional sex change was observed for the first time in Saccostrea oysters. To our knowledge, in natural mollusc populations, this phenomenon has only been reported in the oysters C. gigas (Park et al. 2012 , Yasuoka & Yusa 2016 and C. virginica (Galtsoff 1937 , Haley 1979 , Kennedy 1983 , in the vermetid gastropod Thylacodes arenarius (Linnaeus, 1758) (Calvo & Templado 2005) , and in the patellid limpet Patella vulgata Linnaeus, 1758 (Le Quesne Kuwamura et al. 1994 , Nakashima et al. 1995 . In our in situ experiments, the number of individuals experiencing sex change was small and the body size of experimental individuals did not vary much. Although oyster sex is known to be affected by variable environmental or social conditions (Awati & Rai 1931 , Amemiya 1935 , Buroker 1983 , Yasuoka & Yusa 2016 , our data was not sufficient to analyse the factors affecting bi-directional sex change and to critically test the hypothesis for the evolution of bi-directional sex change. Thus, further research is needed to reveal when and why bidirectional sex change occurs in natural populations of oysters. In summary, our results suggest that S. kegaki and S. mordax have a tendency for protandry, and they can change sex in both directions under natural conditions. These results also suggest that Saccostrea oysters are not strictly protandric hermaphrodites and have a plastic sexuality.
